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Analy t i ca l  Study of Hydrogen Turbopump Cycles f o r  Advanced Nuclear Rockets 
An a n a l y t i c a l  s tudy was conducted t o  determine the  c h a r a c t e r i s t i c s  of t h r e e  
d i f f e r e n t  turbopump cyc les  which might be employed t o  o b t a i n  t h e  high engine i n l e t  
p ressures  which a r e  expected t o  e x i s t  i n  advanced nuclear  rocke ts .  The t h r e e  cycles  
considered were: a topping cycle ,  i n  which t h e  power r equ i r ed  t o  d r ive  t h e  pump 
i s  obtained by passing a l l  of t h e  pump-exit flow through a t u r b i n e  before t h i s  flow 
e n t e r s  t h e  engine; a bleed cycle,  i n  w h i c h a l l  of t h e  pump power i s  obtained by 
discharging a f r a c t i o n  of t h e  pump-exit flow through a bleed tu rb ine  w i t h  an expan- 
s i o n  pressure  r a t i o  of 0.01; and a mixed cycle, i n  which half of  the power t o  d r ive  
t h e  pump is obtained from a primary turb ine  and ha l f  from a bleed turb ine .  
s t u d i e s  were conducted f o r  a range of turbine i n l e t  temperatures between 1400 and 
3800 R, f o r  a range of t u r b i n e  i n l e t  pressures between 200 and 5000 a t m ,  f o r  pres-  
s u r e  drops between t h e  pump e x i t  and t h e  turbine i n l e t  of  zero  and 50 a t m ,  and f o r  
t h r e e  d i f f e r e n t  combinations of pump and turbine e f f i c i ency .  
s tudy  i n d i c a t e  t h e  e f f e c t  of engine i n l e t  pressure on t h e  t u r b i n e  pressure  drop 
and/or the  bleed flow f r a c t i o n  f o r  each cycle. 
The 
The r e s u l t s  of t he  
Three s t u d i e s  not  connected wi th  hydrogen turbopumps a r e  described i n  t h e  
Appendixes. These a r e :  an  a n a l y s i s  of t h e  approximate temperature d i s t r i b u t i o n  
i n  t h e  fuel-containment reg ion  of a coaxial-flow gaseous nuclear  rocket  (APPENDIX I)  ; 
a change i n  form of heavy-gas containment data obtained from NASA L e w i s  coaxial-flow 
t e s t s  (APPENDIX 11); and an  a n a l y s i s  of the hea t  generat ion r a t e  i n  f u e l  passing 
through a f u e l  i n j e c t i o n  duct l oca t ed  i n  the moderator of a gaseous nuclear  rocke t  
engine (APPENIIX 111). 
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RESULTS 
Resul ts  of Turbopump Analysis 
Unless otherwise noted, each of t h e  following r e s u l t s  was obtained f o r  a 
tu rb ine  i n l e t  temperature of 2200 R,  a pump e f f i c i e n c y  of 70 percent,  a t u r b i n e  
e f f i c i e n c y  of 80 percent,  and a pressure drop between t h e  pump e x i t  and t u r b i n e  
i n l e t  of 50 atm. 
cycles  considered w i l l  r equ i r e  d e t a i l e d  s t r u c t u r a l  analyses as w e l l  as cycle  s t u d i e s .  
It  should be noted that a f i n a l  choice between t h e  d i f f e r e n t  
1. Attainment of a n  engine i n l e t  pressure of 1000 a t m  w i l l  require:  f o r  a 
topping cycle,  a primary tu rb ine  pressure drop of 1000 a t m ;  f o r  a bleed cycle,  a 
bleed f r a c t i o n  of 15.5 percent;  and f o r  a mixed cycle,  a primary t u r b i n e  pressure 
drop of 260 atrn and a bleed f r a c t i o n  of 10.0 percent .  
2. A reduction i n  t h e  engine i n l e t  pressure from 1000 t o  500 a t m  w i l l  result 
i n  t h e  following: f o r  t h e  topping cycle,  a reduct ion i n  t h e  primary t u r b i n e  pres- 
su re  drop from1000 t o  170 a t m ;  f o r  t h e  bleed cycle,  a reduct ion of bleed f r a c t i o n  
from 1 5 . 5  percent t o  8.8 percent;  and f o r  t h e  mixed cycle,  a reduct ion i n  t h e  p r i -  
mary tu rb ine  pressure drop from 260 t o  66 atm and a reduct ion i n  bleed f r a c t i o n  
from 10.0 percent t o  5 . 1  percent.  
3. An increase i n  t h e  engine i n l e t  pressure from 1000 t o  2000 a t m  w i l l  r e s u l t  
i n  t h e  following: f o r  t h e  bleed cycle, a n  increase i n  bleed flow from 1 5 . 5  percent 
t o  26.5 percent; and for t h e  mixed cycle,  a n  inc rease  i n  primary t u r b i n e  pressure 
drop from 260 t o  1100 atrn and a n  increase i n  t h e  bleed f r a c t i o n  from 10.0 percent  
t o  21.4 percent. 
2000 atrn f o r  any pressure drop ac ross  t h e  t u r b i n e  f o r  a t u r b i n e  i n l e t  temperature 
of 2200 R .  
The topping cycle w i l l  not provide a n  engine i n l e t  pressure of 
4. An increase i n  t u r b i n e  i n l e t  temperature from 2200 t o  3800 R w i l l  r e s u l t  
i n  t he  following for an engine i n l e t  pressure of 1000 a t m :  
a decrease i n  primary t u r b i n e  pressure drop from 1000 t o  360 a t m ;  f o r  t h e  bleed 
cycle,  a decrewe i n  bleed flow from 15.5  percent  t o  9.0 percent;  and f o r  t h e  mixed 
cycle, a decrease i n  primary t u r b i n e  pressure drop from 260 t o  138 atrn and a decrease 
i n  b leed  flow from 10.0 percent t o  5.3 percent .  
f o r  t h e  topping cycle,  
5. An increase of pump e f f i c i e n c y  from 70 percent  t o  80 percent combined wi th  
f o r  t h e  topping cycle,  a decrease i n  
an  increase i n  t u rb ine  e f f i c i ency  from 80 t o  90 percent  w i l l  r e s u l t  i n  the follow- 
i n g  f o r  a n  engine i n l e t  pressure of 1000 a t m :  
t h e  primary turbine pressure drop from 1000 t o  530 a t m ;  f o r  t h e  bleed cycle,  a 
decrease i n  bleed flow from 15 .5  percent t o  12.1 percent ;  and f o r  t h e  mixed cycle,  
a decrease i n  primary tu rb ine  pressure drop from 260 t o  188 atrn and a decrease i n  
bleed flow f rom 10.0 percent t o  7.2 percent .  
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6. A decrease i n  the  pressure drop between t h e  pump e x i t  and t h e  tu rb ine  i n l e t  
from 50 t o  zero w i l l  r e s u l t  i n  t h e  following f o r  an engine i n l e t  pressure of 1000 
a t m :  f o r  t he  topping cycle,  a decrease i n  the primary turb ine  pressure drop from 
1000 t o  940 a t m ;  f o r  t h e  bleed cycle,  a decrease i n  bleed flow from 15.5 percent t o  
14.9 percent;  and f o r  t he  mixed cycle,  a decrease i n  primary turb ine  pressure drop 
from 260 t o  240 a t m  and a decrease i n  bleed flow from 10.0 percent t o  9.5 percent .  
Resul ts  of Analyses described i n  Appendixes 
7. The temperatures near t h e  center l ine  of a coaxial-flow gaseous nuclear 
rocket  w i l l  be on t h e  order  of 100,000 t o  200,000 R f o r  cav i ty  pressures  of 100 t o  
1000 atm and f o r  a heat f l u x  a t  the  outs ide edge of t h e  fuel-containment region 
equal t o  that f o r  black body thermal rad ia t ion  a t  a temperature of 30,000 R.  
8. For gaseous nuclear rockets  i n  which t h e  f u e l  and propel lan t  are i n j e c t e d  
separa te ly  i n t o  t h e  cavi ty ,  a high f u e l  ve loc i ty  i s  required when t h e  f u e l  passes 
through t h e  moderator i n  order  t o  prevent excessive se l f -hea t ing  of t h e  f u e l .  For 
t h e  example discussed i n  an Appendix, a f u e l  ve loc i ty  of 67,000 f t / s e c  would be 
required t o  keep t h e  temperature of t h e  f u e l  below 3600 R a t  t h e  e x i t  of t h e  fue l -  
i n j e c t i o n  duct  w i th  no neutron-absorbing material surrounding t h e  fue l - in j ec t ion  
duct.  
9. The required ve loc i ty  of t h e  f u e l  i n  t h e  f u e l - i n j e c t i o n  duct passing 
through t h e  moderator can be reduced by surrounding t h i s  duct with a s leeve  made 
from a neutron-absorbing m t e r i a l  such as hafnium. For the  example descr ibed i n  
an Appendix, a s leeve  having a thickness  o f  0 .5  i n .  surrounding a duct having a 
rad ius  of 0.04 i n .  would r e s u l t  i n  decreasing t h e  required f u e l  ve loc i ty  from 
67,000 f t / s e c  t o  200 f t / s e c .  
10. Surrounding a fue l - in j ec t ion  duct w i th  a neutron-absorbing ma te r i a l  may 
r e s u l t  i n  a s i g n i f i c a n t  increase  i n  t h e  c r i t i c a l  f u e l  mass required i n  t h e  c a v i t y  
unless ca re  i s  taken with t h e  design of the fue l - in j ec t ion  duct.  For t h e  example 




The Research Laboratories of United A i r c r a f t  Corporation under Contract NASw-847 
Studies  
with t h e  j o i n t  AEC-NASA Space Nuclear Propulsion Off ice  a r e  i n v e s t i g a t i n g  var ious 
technologies which inf luence t h e  c h a r a c t e r i s t i c s  of gaseous nuclear rockets .  
conducted under t h i s  contract  and a t  t h e  NASA Lewis Research Center i n d i c a t e  t h a t  it 
w i l l  be des i r ab le  t o  operate such rockets  a t  high pressures  i n  order  t o  reduce t h e  
engine s i z e  necessary t o  ob ta in  a t t r a c t i v e  performance c a p a b i l i t i e s .  
engine compnents w k i c h  m y  liiiiit iiie maximum operat ing pressure is  t h e  turbopump. 
Available s t u d i e s  of turbopumps f o r  nuclear rockets  (see,  for example, Refs. 1 and 
2 )  a r e  usually l i m i t e d  t o  considerat ion o f  engine pressures  of 100 atm of l e s s ,  
whereas pressures of 100 t o  2000 a t m  may be d e s i r a b l e  f o r  gaseous nuclear rockets .  
The ob jec t  of t h e  study described i n  t h e  main body of t h i s  r e p o r t  i s  t o  determine 
t h e  c h a r a c t e r i s t i c s  of t h e  turbopump cycle for engine pressures  of i n t e r e s t  f o r  
gaseous nuclear rockets .  
One of t h e  
The inves t iga t ion  of gaseous nuclear rocket  technology under Contract NASw-847 
has a l s o  been concerned wi th  s t u d i e s  of a number of o t h e r  problem a reas ,  and results 
from three of these s t u d i e s  are described i n  t h e  Appendixes. These s t u d i e s  include 
analyses  of  the temperature d i s t r i b u t i o n  and fuel-containment c h a r a c t e r i s t i c s  of 
coaxial-flow nuclear rockets  and s t u d i e s  of t h e  heat generat ion r a t e  i n  f u e l  pass- 





Cycle s t u d i e s  f o r  hydrogen turbopumps f o r  advanced nuc lear  rocket engines 
r equ i r e  information on the  p rope r t i e s  of  hydrogen under t h e  condi t ions  which w i l l  
e x i s t  i n  both the  pump and tu rb ine .  The methods employed t o  obta in  these  proper t ies  
a r e  descr ibed i n  t h e  following subsect ions.  
Hydrogen Proper t ies  used i n  Turbine Analysis 
Thermodynamic proper t ies  of normal hydrogen (3: 1 ortho-para mixture) were 
ca l cu la t ed  f o r  temperatures between 600 and 6000 R and pressures  between 1,0 and 
5,000 a t m .  The computation procedure employed w a s  e s s e n t i a l l y  t h a t  descr ibed i n  
Ref. 3 w i t h  modif icat ions t o  allow a b e t t e r  f i t  of compress ib i l i ty  data a t  t h e  
h igher  temperatures.  A genera l  descr ip t ion  of t h i s  procedure, which w i l l  be re- 
f e r r e d  t o  h e r e a f t e r  as the  Woolley procedure,appears i n  t h e  f irst  fol lowing sub- 
s e c t i o n ,  and a d iscuss ion  of t h e  modifications which were made t o  t h i s  procedure 
appears i n  t h e  second following subsection. 
Woolley Procedure 
Thermodynamic p rope r t i e s  of hydrogen a r e  f i rs t  obtained f o r  t h e  idea l i zed  gas 
s ta te  from t h e  p a r t i t i o n  func t ions  f o r  the t r a n s l a t i o n a l ,  r o t a t i o n a l ,  v i b r a t i o n a l ,  
and e l e c t r o n i c  con t r ibu t ions .  The p a r t i t i o n  func t ion  f o r  v ib ra t ion  was taken 
as t h e  quantum-mechanical sum-over-state funct ion,  
-Ej / k T  C gj  e 
i 
where t h e  values  o f € .  used i n  t h e  summation were der ived from an ana lys i s  of t h e  
molecular s p e c t r a  of hydrogen. The t r a n s l a t i o n a l  con t r ibu t ions  were ca l cu la t ed  i n  
t h e  u s u a l  manner f o r  an ideal gas.  The r o t a t i o n a l  con t r ibu t ions  were evaluated i n  
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In  order  t o  c a l c u l a t e  t h e  thermodynamic p rope r t i e s  of gaseous hydrogen a t  high 
d e n s i t i e s ,  it is necessary t o  co r rec t  t h e  i d e a l  gas p rope r t i e s  t o  t a k e  i n t o  account 
cLanges due t o  deviat ions from the  law of ideal gases as t h e  d e n s i t y  i s  increased. 
A very c a r e f u l  and c r i t i c a l  ana lys i s  of a v a i l a b l e  compressibi l i ty  data ( see ,  f o r  
example, Refs. 4 and 5 )  has been performed f o r  temperatures between 273 K and 600 K 
i n  Ref. 3 and t h e  f i n a l  form chosen t o  represent  t he  compressibi l i ty  of hydrogen 
can be w r i t t e n  as 
where P i s  t h e  densi ty ,  B(T)  i s  t h e  second v i r i a l  c o e f f i c i e n t  f o r  hydrogen, and C ( T )  
i s  e s s e n t i a l l y  a temperature-dependent empir ical  parameter and i s  not i d e n t i c a l  
with t h e  t h i r d  v i r i a l  c o e f f i c i e n t .  The f u n c t i o n a l  forms f o r  B(T)and C(T)  were taken 
i n  Ref. 3 as  
B(T)  = b, + b,/T3'4 + b,/T5'4 (5 )  
C(T) = c ,  / T 3 l 2  + C 2 / T 2  
where t h e  coe f f i c i en t s  b,  andC, were ad jus ted  t o  f i t  t h e  experimental data. 
Corrections f o r  rea l  gas p rope r t i e s  a r e  c a l c u l a t e d  i n  t h e  Woolley procedure 
















These co r rec t ions  become most important i n  the  region of high compress ib i l i ty ,  i . e . ,  
low temperature and/or high pressure .  
Modifications t o  Woolley Procedure 
Since no s i g n i f i c a n t  quant i ty  of experimental compress ib i l i ty  data f o r  hydrogen 
gas e x i s t  f o r  temperatures much above 600 K ,  a t h e o r e t i c a l  approach was employed t o  
es t imate  compress ib i l i ty .  The exponent ia l  i n  Eq. (4)  can be expanded t o  give 
where B(T) i s  the  second v i r i a l  coe f f i c i en t  and [C(T)* B2(T)] can now be i d e n t i f i e d  
as t h e  t h i r d  v i r i a l  c o e f f i c i e n t .  Higher order terms i n  d e n s i t y  a r e  of l e s s e r  
importance a t  high temperatures and were n o t  examined e x p l i c i t l y .  The second 
v i r i a l  c o e f f i c i e n t  was obtained from t h e  s t a t i s t i c a l  mechanical expression 
03 
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B ( T )  = - - I )  r2dr 
0 
where t h e  Lennard-Jones (6-12) p o t e n t i a l  was used f o r  E ( r ) .  
S i m i l a r l y ,  t h e  t h i r d  v i r i a l  coe f f i c i en t  was obtained from t h e  t h e o r e t i c a l  
expression 
Convenient numerical so lu t ions  f o r  E(T)  and ?(T) a r e  ava i l ab le  i n  Ref. 6 ,  and t h e  
c o e f f i c i e n t s b ,  a n d c ,  of Eqs. ( 5 )  and (6) were ad jus t ed  t o  agree  w i t h  t hese  exact  
numerical  s o l u t i o n s .  The fundamental constants required f o r  t h e  Lennard-Jones 
p o t e n t i a l  were taken from Ref. 6 as E/k =29 and r ( E  = O )  / re =2.9 . Values of b ,  and 
C ,  used i n  R e f .  3 and ca l cu la t ed  using Eqs. (11) and (12) a r e  compared i n  Table I.  
The u s e  of t h i s  new s e t  of coe f f i c i en t s  resu l ted  i n  only small  changes from the  
o r i g i n a l  Woolley program i n  the  calculated thermodynamic p rope r t i e s .  For example, 
t h e  c a l c u l a t e d  enthalpy func t ion  was increased by 1 t o  2 percent f o r  temperatures 
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zbout 2 G G G  I( a t  pressures  above 2COO atm. 
from t h e  modified lu'oolley program i s  given i n  Fig.  1. 
A Mollier diagram for hydrogen c a l c u l a t e d  
Hydrogen Propert ies  Used i n  Pump Analysis 
A l l  pump calculat ions were based on hydrogen pump i n l e t  conditions of one atm 
pressure and 36 R temperature. 
on the  c h a r a c t e r i s t i c s  of hydrogen f o r  an  i s e n t r o p i c  cozpressinr! precess beginninm b
a t  these pump i n l e t  condi t ions.  However, t h e  maximum pressure f o r  such an is-  
entropic  process f o r  which data a r e  a v a i l a b l e  ( see  R e f .  7 )  i s  300 a t m ,  while it i s  
d e s i r a b l e  t o  analyze pumps with e x i t  pressures  up t o  5000 a t m .  Therefore, some 
method of extrapolat ion of a v a i l a b l e  data had t o  be adopted i n  order  t o  perform 
the  calculat ions.  It was decided t o  ex t r apo la t e  data on t h e  d e n s i t y  of hydrogen 
and t o  use  t h i s  data i n  t h e  following equation t o  c a l c u l a t e  enthalpy f o r  an i s -  
entropic  compression process.  
The ca l cu la t ions  of pump work r equ i r e  information 
The v a r i a t i o n  of hydrogen dens i ty  f o r  an  i s e n t r o p i c  compression process beginning 
a t  a pressure of one a t m  and a temperature of 36 R i s  shown by t h e  s o l i d  l i n e  i n  
F ig .  2 .  These data were obtained from Ref. 7 .  Three d i f f e r e n t  v a r i a t i o n s  of den- 
s i t y  with pressure are shown i n  F ig .  2; two of t h e s e  represent  d i f f e r e n t  extrap-  
o l a t ions  of the  data from Ref. 7 ,  and t h e  t h i r d  represents  constant dens i ty  a t  a l l  
pressures .  A l s o  shown on t h i s  figure i s  the  d e n s i t y  c a l c u l a t e d  from t h e  modified 
Woolley program a t  a pressure of 5000 a t m  and a temperature of 600 R .  Although no 
data a r e  ava i l ab le  t o  support t h e  v a l i d i t y  of t h i s  ca l cu la t ed  dens i ty ,  t h e  use of 
t he  Woolley program probably provides t h e  b e s t  es t imate  of t h e  d e n s i t y  under such 
condi t ions.  It would be expected t h a t  t he  t r u e  d e n s i t y  a t  low temperatures would 
be g r e a t e r  than t h a t  a t  600 R; t he re fo re  Curve B i n  F ig .  2 might be more r e a l i s t i c  
than Curve A .  However, unless  otherwise s p e c i f i e d  a l l  ca l cu la t ions  descr ibed i n  
the  r epor t  were m d e  using Curve A leading t o  more conservative r e s u l t s .  A s  noted 
i n  a following sec t ion ,  some ca l cu la t ions  were made t o  determine t h e  change which 
would r e s u l t  f rom using Curves B o r  C r a t h e r  than Curve A .  
The va r i a t ion  of hydrogen enthalpy with pressure c a l c u l a t e d  using E q .  (13) i s  
shown i n  Fig. 3. It can be seen t h a t  Curves A and B d i f f e r  from each o t h e r  by 
only a s m a l l  amount, and then only a t  high p res su res .  
5000 atm t h e  isentropic  pump enthalpy r i s e  c a l c u l a t e d  using Curve C i s  approximately 
50 percent greater  than t h a t  using Curves A o r  B .  
A t  a pump e x i t  pressure of 
TlTRBOPUMP CHARACTERISTICS 
Method of Analysis 
Sketches i l l u s t r a t i n g  t h e  t h r e e  d i f f e ren t  turbopump cycles  which have been 
employed i n  t h e  a n a l y t i c a l  s t u d i e s  a r e  shown i n  F ig .  4. I n  t h e  topping cyc le ,  a l l  
of t h e  power necessary t o  d r ive  the  pump i s  obtained by expanding a l l  of t h e  gases 
discharging from the  hea t  exchanger through the  primary tu rb ine .  
cyc le ,  t h e  primary tu rb ine  i s  omitted and the power t o  d r ive  the  pump i s  obtained 
by bleeding a f r a c t i o n  of t h e  flow, V+,/%, through a b leed  tu rb ine .  In  t h e  mixed 
cyc le ,  ha l f  of t he  power required t o  d r ive  t h e  pump i s  obtained from t h e  primary 
tu rb ine ,  while t h e  remainder of t h e  power is obtained from t h e  bleed tu rb ine  which 
obta ins  i t s  i n l e t  gases from the  e x i t  of t h e  primary tu rb ine .  The b leed  tu rb ine  
pressure  r a t i o ,  p5/P4 , i s  assumed t o  be 0.01 f o r  both the  b leed  and mixed cyc les .  
In t h e  b leed  
The energy requi red  t o  r a i s e  t h e  temperature of t he  hydrogen from t h a t  a t  t he  
pump e x i t  t o  t h a t  a t  t h e  turb ine  i n l e t  i s  obtained b y  cool ing the  moderator of the  
gaseous nuc lear  rocket  engine.  A s  noted i n  Ref. 8, t h i s  temperature rise m y  be  
obtained by piping t h e  pump e x i t  flow d i r e c t l y  through t h e  moderator, or may be 
obtained i n d i r e c t l y  from an intermediate  coolant loop which t r a n s f e r s  t h e  energy 
deposi ted i n  the  moderator t o  an ex te rna l  hea t  exchanger through which t h e  pump e x i t  
flow would pass. I n  t h e  d i r e c t  cyc le ,  the r e l a t i v e l y  weak s t r u c t u r a l  moderator 
material mus t  withstand the  fo rces  generated by t h e  d i f f e rence  between t h e  turb ine  
i n l e t  p ressure  and t h e  tu rb ine  e x i t  pressure.  In  t h e  i n d i r e c t  cyc le ,  t h e  pressure 
of t h e  f l u i d  used t o  cool  t h e  moderator i s  made approximately equal  t o  t h e  pressure 
i n  t h e  engine,  s o  t h a t  t he  pressure  difference ac ross  t h e  walls of t h e  e x t e r n a l  hea t  
exchanger is  approximately equal  t o  t h e  pressure drop across  the  tu rb ine .  Since t h e  
e x t e r n a l  h e a t  exchanger can be made from mater ia l s  which a r e  chosen without regard 
f o r  t h e i r  neutron absorbing c h a r a c t e r i s t i c s ,  t h e  s t r e s s e s  due t o  the  pressure  d i f -  
fe rences  ac ross  t h e  tube walls i n  t he  ex terna l  hea t  exchanger are much e a s i e r  t o  
handle than are the  s t r e s s e s  due t o  pressure d i f f e rences  wi th in  the  moderator with 
the  d i r e c t  cyc le .  Therefore,  it is assumed i n  the  present  r epor t  t h a t  t h e  i n d i r e c t  
cyc le  i s  employed t o  obta in  the  energy necessary t o  hea t  t h e  hydrogen from pump e x i t  
p ressure  t o  turb ine  i n l e t  p ressure .  However, it i s  s t i l l  des i r ab le  t o  minimize t h e  
p re s su re  drop ac ross  t h e  tu rb ine  i n  order t o  minimize t h e  s t r e s s e s  i n  t h e  ex te rna l  
h e a t  exchanger used i n  t h e  i n d i r e c t  cycle.  
Calcu la t ions  have been performed f o r  a range of e f f i c i e n c i e s  i n  both the  pump 
and t u r b i n e .  The pump e f f i c i e n c y  is  defined as t h e  i d e a l  enthalpy r i s e  a s soc ia t ed  
with i s e n t r o p i c  compression between t h e  pump i n l e t  p ressure  and the  pump e x i t  
p ressure  (F ig .  3 )  divided by t h e  a c t u a l  enthalpy r i s e  between these  two pressures .  
The t u r b i n e  e f f i c i e n c y  i s  defined a s  the  a c t u a l  enthalpy drop through t h e  turb ine  
d iv ided  by t h e  enthalpy drop which would be obtained by i s en t rop ic  expansion between 
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t h e  tu rb ine  i n l e t  p ressure  and tu rb ine  e x i t  pressure.  
c h a r a c t e r i s t i c s  of t h e  mixed cycle,  t he  e f f i c i ency  of t he  primary tu rb ine  and the  
secondary turb ine  have been assumed t o  be equal. 
I n  ca l cu la t ions  of t h e  
Resul ts  of Analysis 
Topping Cycle 
Th_e resij.lts nf t he  ana lys i s  of +he vIlc +A*-:-- u u y p A i 6  cycle ----’- axe given i n  Figs.  5 through 8 
f o r  t u rb ine  i n l e t  temperatures of 1,400, 2,200, 3,000, and 3,800 R, respec t ive ly .  
For each temperature the  pressure  drop across  t h e  primary tu rb ine  i s  p l o t t e d  as a 
func t ion  of engine i n l e t  p ressure .  The pressure  drop across  t h e  primary tu rb ine  i s  
of i n t e r e s t  because t h i s  pressure  d i f f e rence  must be withstood by the  tube w a l l s  i n  
t h e  hea t  exchanger used t o  t r a n s f e r  heat  from t h e  moderator i n  t h e  gaseous nuclear  
rocket  ( s e e  preceding s e c t i o n  and Ref. 8).  Also shown on each f i g u r e  a r e  l i n e s  of 
constant  turbine i n l e t  p ressure ,  This pressure  i s  of i n t e r e s t  because it rep resen t s  
t he  pressure  which must be withstood by the  case surrounding t h e  hea t  exchanger. 
The engine i n l e t  pressure increases  with an increase  i n  tu rb ine  i n l e t  p ressure  only 
up t o  a ce r t a in  value of t u rb ine  i n l e t  pressure.  
t u rb ine  i n l e t  p ressure  r e s u l t s  i n  a decrease i n  engine i n l e t  pressure.  No informa- 
t i o n  i s  shown on Figs. 5 through 8 f o r  t h e  reg ion  i n  which an increase  i n  t u r b i n e  
p re s su re  r e s u l t s  i n  a decrease i n  engine i n l e t  p ressure .  
Above t h i s  value,  an increase  i n  
Since it i s  des i r ab le  t o  minimize t h e  pressure  drop through t h e  turb ine ,  it i s  
of i n t e r e s t  t o  determine turbopump c h a r a c t e r i s t i c s  f o r  s p e c i f i e d  values  of t h e  
maximum allowable pressure  drop across  the  tu rb ine .  P l o t s  showing t h e  var iak ion  of 
engine i n l e t  pressure with tu rb ine  i n l e t  temperature f o r  assumed va lues  of tu rb ine  
pressure  drop o f  100, 300, and 1,000 atrn a r e  given i n  Fig.  9. Since t h e  
v a r i a t i o n  of maximum engine i n l e t  p ressure  wi th  tu rb ine  i n l e t  temperature i s  s m a l l ,  
it probably w i l l  not be d e s i r a b l e  t o  employ extremely high values  of t u r b i n e  i n l e t  
temperatures.  It  is  probable t h a t  any tu rb ine  developed i n  t h e  near  f u t u r e  f o r  use 
with gaseous nuclear rocke ts  w i l l  have tu rb ine  i n l e t  temperatures l i m i t e d  t o  values  
which a r e  now current  f o r  t u r b o j e t  engines (2,000 t o  2,500 R ) .  
e f f i c i e n c i e s  o f  80 and 90 percent ,  r e spec t ive ly ,  a r e  a l s o  common f o r  t u r b o j e t  
engines. 
can be seen from Fig. 6 t h a t  t u rb ine  pressure  drops of approximately 500 atm 
a r e  requi red  t o  ob ta in  an engine i n l e t  p ressure  of 1,000 a t m .  
Pump and tu rb ine  
For these pump e f f i c i e n c i e s  and a tu rb ine  i n l e t  temperature of  2,200 R, it 
The calcula,t ions shown i n  Fig.  6 f o r  a tu rb ine  i n l e t  temperature of 2,200 R and 
zero pressure  drop i n  the  hea t  exchanger have a l s o  been c a r r i e d  out  using pump 
enthalpy Curves B and C i n  Fig. 3. The r e s u l t s  of t h e  ca l cu la t ions  a r e  shown i n  
Fig. 10. It can be seen from t h i s  f i g u r e  t h a t  t h e  u n c e r t a i n t y  i n  t h e  hydrogen char- 
a c t e r i s t i c s  employed i n  t h e  pump por t ion  of t h e  cycle  has almcrst no e f f ec t  on t h e  
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I turbopump performance at low values of engine i n l e t  pressure,  and a l a r g e  e f f e c t  on 
turbopump c h a r a c t e r i s t i c s  at high values of engine i n l e t  p ressure  only by changing 
from e i t h e r  Curve A or  B t o  Curve C. 
Bleed Cycle 
The r e s u l t s  of ca lcu la t ions  of t h e  cha rac t e r i s t i c s  of  t h e  bleed cycle  are shown 
I n  each f igure ,  t h e  f r a c t i o n  of bleed flow required is  
i n  Figs. 11 through 14 f o r  bleed turb ine  i n l e t  temperatures of  1,400, 2,200, 3 000, 
and 3,800 R, respec t ive ly .  
shown as a funct ion of engine i n l e t  pressure. This f r a c t i o n  of bleed flow i s  of 
i n t e r e s t  because it governs t h e  l o s s  i n  spec i f i c  impulse which would r e s u l t  from t h e  
use of a bleed cycle. 
t u r e  (i.e.,  with zero ve loc i ty ) ,  the  f r a c t i o n a l  loss  i n  s p e c i f i c  impulse would be 
equal t o  t h e  f r a c t i o n  of bleed flow. If zero-temperature bleed exhaust flow were 
mixed uniformly with the  primary engine exhaust flow, t h e  f r a c t i o n a l  loss i n  
s p e c i f i c  impulse would be approximately half  of t he  b leed  flow f r ac t ion .  Since t h e r e  
i s  a f i n i t e  temperature t o  t h e  bleed exhaust f low (approximately 30 percent of bleed 
tu rb ine  i n l e t  temperature), t h e  a c t u a l  loss i n  s p e c i f i c  impulse would be l e s s  than 
t h a t  with zero bleed exhaust temperature. 
i n  something l e s s  than 5 t o  10 percent loss i n  s p e c i f i c  impulse. 
If t h i s  bleed flow were exhausted overboard at zero tempera- 
I 
Thus, 10 percent  bleed flow would r e s u l t  
A summary of t h e  maximum engine i n l e t  pressures  obtainable  using t h e  bleed 
cyc le  i s  shown i n  Fig. 15  as a funct ion of t u rb ine  i n l e t  temperature f o r  bleed flow 
f r a c t i o n s  of 10 and 25 percent.  
increase  i n  tu rb ine  i n l e t  temperature f o r  the bleed cycle  shown i n  Fig. 15  i s  
g r e a t e r  than t h a t  shown f o r  t h e  topping cycle i n  Fig. 9. Therefore, g rea t e r  gains  
w i l l  be obtained by an increase  i n  turb ine  i n l e t  temperature using the  bleed cycle  
than  using t h e  topping cycle.  
t u r b o j e t  engines ( tu rb ine  i n l e t  temperature of 2,200 R, pump e f f i c i ency  of 80 per-  
cent ,  and tu rb ine  e f f i c i ency  of 90 percent),  it can be seen from Fig. 12 t h a t  
approximately 7 percent b leed  flow is required t o  ob ta in  an engine i n l e t  pressure 
of 500 a t m  and approximately I 2  percent bleed flow is  requi red  t o  obta in  an engine 
i n l e t  p ressure  of 1000 a t m .  
The increase i n  engine i n l e t  pressure with an 
I 
For conditions r ep resen ta t ive  of those obtainable  i n  
Calculat ions t o  determine the  e f f ec t  of  using Curves B or  C ins tead  of Curve A 
The influence of  assumed pump enthalpy c h a r a c t e r i s t i c s  
i n  Fig. 3 were 'a lso performed f o r  t h e  bleed cycle, and the  r e s u l t s  of these  ca lcu la-  
t i o n s  are shown i n  Fig. 16. 
w a s  somewhat l e s s  on the  r e s u l t s  f o r  t h e  bleed cycle than on the  Pesul t s  f o r  t h e  
topping cyc le  ( see  Fig. 10) because t h e  turbine i n l e t  pressures  were lower f o r  t h e  
b leed  cyc le  than  for t h e  topping cycle. 
11 
Mixed Cycle 
The r e s u l t s  of ca l cu la t ions  of t h e  c h a r a c t e r i s t i c s  of t h e  mixed cycle  a r e  shown 
i n  Figs. 17 through 24 f o r  primary tu rb ine  i n l e t  temperatures of 1400, 2200, 3000, 
and 3800 R. All  ca l cu la t ions  were c a r r i e d  out  f o r  a cycle  i n  which h a l f  of t he  work 
required t o  dr ive  t h e  pump w a s  obtained from t h e  primary t u r b i n e  and t h e  remaining 
ha l f  of t h e  work was obtained from t h e  bleed tu rb ine .  Both t h e  pressure drop across  
t h e  primary turbine (Figs. 17, 19, 21 and 23) and t h e  f r a c t i o n  of bleed flow 
required (Figs ,  18, 20, 22 and 24) are shown as a func t ion  of engine i n l e t  pressure.  
Comparison of t h e  information on  fig.^, 17 throl~gh 24 with t h a t  shown oi? Figs. 5 
through 8 and Figs. 11 through 14 ind ica t e s  t h a t ,  f o r  t h e  mixed cycle, t h e  t u r b i n e  
pressure drops a r e  less than i n  t h e  topping cycle, and t h a t  t he  bleed flow f r a c t i o n s  
are l e s s  than for t h e  bleed cycle. 
The e f f ec t  of t u r b i n e  i n l e t  temperature on t h e  maximum value of engine i n l e t  
p re s su re  i s  shown i n  Fig. 25 f o r  f i x e d  values  of pressure  drop across  t h e  primary 
tu rb ine .  Bleed flow f r a c t i o n s  from Figs. 18, 20, 22 and 24 f o r  each of t h e s e  
primary turbine pressure drops are shown i n  Fig. 26. It ca.n be seen from Fig. 25 
t h a t  t h e  maximum values of engine i n l e t  pressure are 50 t o  100 percent  higher  than 
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LIST OF SYMBOLS 
(Excludes Symbols Employed i n  Appendixes) 
b,  b, b, 
B(T)  Second v i r i a l  c o e f f i c i e n t ,  cm3/g.mole 
Empirical  constants  (see Tab le  I f o r  values  and u n i t s )  
N 
B(T) S t a t i s t i c a l  mechanical second v i r i a l  c o e f f i c i e n t  ( see  Eq. (11) ), 
cm3/g. mole 
Ct 1c2 Empirical  constants  (see Table I f o r  values  and u n i t s )  
CP 
0 
Speci f ic  heat a t  constant  pressure,  cal/g.mole-deg K 
Spec i f ic  heat a t  constant  pressure f o r  i d e a l  gas, cal/g.mole-deg K 
Parameter r e l a t e d  t o  t h e  t h i r d  v i r i a l  c o e f f i c i e n t  (see Eq. (6)) 
CPIDEAL 
C ( T )  
N 
S t a t i s t i c a l  mechanical t h i r d  v i r i a l  c o e f f i c i e n t  ( see  Eq. (12) ), 
(cm3/g. mole 2 
C (TI  
F Frac t ion  of pump work obtained by expansion of f low through primary 
tu rb ine  
9 Elec t ronic  degeneracy 




Ie bbment of i n e r t i a ,  g-cm 
k Boltzmann's constant  = 1.3804 x erg/deg K 
Enthalpy, ca l /g ,  Btu/lb, or f t - l b / l b  
Enthalpy f o r  i d e a l  gas, cal/g, Btu/lb,  o r  f t - l b / l b  
I sen t rop ic  enthalpy rise i n  pump, Btu/lb o r  f t - l b / l b  
0 
2 
N Avogadro's number, 6.0248 x molecules/g.mole 
P Pressure,  a t m  o r  l b / f t  2 
p4 MAX 
A P T  
Q r  
r 






Maximum value of engine i n l e t  pressure f o r  spec i f i ed  tu rb ine  pressure 
drop o r  bleed flow f r a c t i o n ,  a t m  
Pressure r i s e  across  pump, P2 -PI , atrn 
Heat exchanger pressure drop between pump e x i t  and tu rb ine  i n l e t ,  
P2 -P3, a t m  
Pressure drop across  primary turb ine ,  P3-P4 , a t m  
Rota t iona l  p a r t i t i o n  funct ion 
Intermolecular  separa t ion ,  cm 
Value of r a t  equi l ibr ium separa t ion ,  em 
Universal  gas cons tan t  = 82.06 cc-atm/g.mole-deg K 
Entropy, cal/g-deg K 
Entropy f o r  i d e a l  gas, cal/g-deg K or Btu/lb-deg R 
o r  Btu/lb-deg R 
Temperature, deg K o r  deg R 
Spec i f ic  volume, cm3/g o r  f t 3 / l b  
Flow r a t e  through bleed turb ine ,  lb / sec  
Flow r a t e  t o  engine, l b / sec  
Flow r a t e  through pump, W, t WE , lb / sec  
Compressibil i ty f a c t o r  
Energy of t h e  J T H  quantum s t a t e ,  e r g  
Interatomic p o t e n t i a l  energy, e r g  
Eff ic iency of bleed tu rb ine  (assumed equal  t o  77, i n  a l l  ca l cu la t ions )  
Pmp e f f i c i e n c y  
Turbine e f f i c i ency  
P 
U 







Density, g.moles/cm 3 , Amagat, or  lb/f-t  3 ( f o r  hydrogen, 1 Amagat = 
0.0056115 l b / f t 3 )  
Dimensionless -parameter, see Eq. (3) 
Quantum s t a t e  j 
Pump i n l e t  
Pump e x i t  
I n l e t  of primary tu rb ine  
Engine I n l e t  
Exit of secondary tu rb ine  
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APPENDIX I 
APPROXIMATE TEMPERATITRE: DISTRIBUTION I N  FUEL-CONTAINMENT REGION 
OF A COAXIAL-FLOW GASEOUS NUCLEAR ROCKET ENGINE 
Symbols Emplujed i n  Appendix I 
aR 








T t  
Te 
T X  
U 
-1 Rosselan?  ea^ o p c i t y  , IC, c+-l o r  cci 
Heat c rea t ion  r a t e  per  u n i t  volume i n  f u e l  region, Btu/sec-ft3 
Radiation thermal conduct ivi ty ,  Btu/sec-ft-deg R 
Heat f l ux  pe r  u n i t  l ength  of fuel-containment region, Btu/sec-f t  
Radial hea t  f lux ,  Btu/sec-f t  
Value of Q a t  ou ts ide  edge of fuel-containment region,  Btu/sec-f t  
Local radius ,  f t  
Radius a t  ou ts ide  edge of c y l i n d r i c a l  fuel-containment region, f t  
2 
2 
Temperature, deg R 
Centerline temperature, deg R 
Temperature a t  ou t s ide  edge of fuel-containment region, deg R 
Black-body r a d i a t i n g  temperature which w i l l  produce heat  f l u x  
equal  t o  0, , deg R 
Stefan-Boltzmann constant ,  0.48 x 4 Btu/sec-ft2-(deg R )  
A s implif ied procedure has been developed for c a l c u l a t i n g  t h e  temperature 
d i s t r i b u t i o n  i n  t he  fuel-containment region of a coaxial-flow gaseous nuclear  rocket  
engine ( s e e  Ref. 9). 
r ad ius  i n  t h e  fuel-containment reg ion  of such an engine i s  given by the  fol lowing 
equation. 
The r ad ian t  hea t  t r a n s f e r  pe r  u n i t  l ength  passing a given 
9 = 2 7 r R Q  
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If it is  assumed that the  energy c r e a t i o n  r a t e  per u n i t  volume within the  f u e l -  
containment region i s  constant and t h a t  convection and molecular conduction e f f e c t s  
a r e  negl ig ib le ,  then the  r a d i a n t  heat  t ransfer  per  u n i t  length a t  a given radius  i s  
proport ional  t o  t he  volume ins ide  of t h a t  radius. 
9 = C , n R 2  
Combining Eqs. (1-1) and (1-2) y i e l d s  
Q = 2 R  CI (1-3) 
A s  a boundary condition, assume t h a t  the  heat f l u x  a t  the  outs ide  edge of the  f u e l  
region, R = Re,  is  equal t o  the  black-body h e a t  f l u x  a t  a f i c t i t i o u s  temperature, T".  
That is, 
* 4  Qe = c T  
Therefore, 
4 
Q = -  U T *  
R e  




Q = - K -  
where 
16 r T 3  
3 OR 
K = -- 
Combining Eqs. (I+), (1-61, and (1-7) Yields 
(1-4) 
R (gR)T3dT - -  Tf 
d R  Re 
(1-5) 
f l u x  is  given by the  following 
( 1-61 
(1-7) 
The s o l u t i o n  t o  t h i s  equation f o r  a R  = constant and with the  temperature a t  the  out- 
s i d e  edge of t h e  f u e l  region s e t  a t  a value equal  t o  Te i s  
An example which is of interest to personnel at the NASA Lewis Research Center 
is one in which the radius, R,,equals 2 ft and the Rosseland mean opacity, OR,equals 
100 ft'. 
different values of Te/T". 
Calculated variations of TIT* with R/Re are given in Fig. 27 for two 
The effect of the dimensionless fuel opacity, aR Re, on the ratio of T%/T* is 
given in Fig. 28 for two different values of Te/T*. 
perature ratio is relatively insensitive to aRRe. 
It can be seen that the tem- 
The radiant heat fluxes of interest in a coaxial-flow gaseous nuclear rocket 
correspond to values of hlack-body radiating temperature, T*, on the order of 
30,000 R. Therefore, on the basis of the results shown on Figs. 27 and 28, the 
temperatures near the centerline of such an engine would be considerably higher 
than 30,000 R. 
is presented in Ref. 10. According to Ref. 10, the Rosseland mean opacity at a 
temperature of 30,000 R is between approximately 103 and 1000 cm'l at pressures of 
100 to 1000 atm, and is between 2 and 20 cm'l at a temperature of l50,OOO R and a 
pressure between 100 and 1000 atm. 
between 10 and 100 crn', and the radius, Re, is assumed to be 2 ft (61 cm), result- 
ing values of a,R, of interest are between 600 and 6000. According to Fig. 28, 
this would lead to centerline temperatures between 4 and 7 times the effective 
radiating temperatures, or between 120,000 R and 210,000 R for the example being 
considered. Therefore, it appears that the temperature at the centerline of a 
coaxial-flow gaseous nuclear rocket will be between approximately 100,000 and 
200,000 R. 
Information on the Rosseland mean opacity of gaseous nuclear fuel 
If the "average" opacity is assumed to be 
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APPENDIX I1 
CHANGE OF FORM OF NASA LEWIS HEAVY-GAS 
CONTAINMENT DATA FROM COAXIAL-FLOW TESTS 
Symbols Employed i n  Appendix I1 
Ratio of average concentrat ion a t  a r b i t r a r y  value of Z divided by 
concentrat ion at  Z = 0 as determined from Ref. 1 1 b y  measuring the 
a t t enua t ion  i n  s ing le  l i g h t  beam passing through center  of bromine flow 
Average value of C* between Z = 0 and Z = Z 
Equivalent diameter of duct employed i n  Ref. 11, 4.56 in .  or  0.380 f t  
Constant - see Eq. (11-5) 
Length of cav i ty  i n  gaseous nuclear rocket  engine ( see  Fig. s), f t  
Radius of cav i ty  i n  gaseous nuclear rocket  engine and length of region i n  
model tests used t o  evaluate  C* (see Fig. 29), f t  
Radius of bromine i n j e c t i o n  duct  i n  model t e s t s  or  f u e l  i n j e c t i o n  duct i n  
gaseous nuclear  rocket engine, f t  
A i r  Reynolds number, 4 VA do/pA 
Bromine Reynolds number, 2 P, '6 / P B  
Axial-flow Reynolds number, PA VA rI /PA 
Bromine time constant ,  2J /WB 
A i r  v e l o c i t y  a t  Z = 0, f t / s e c  
Bromine ve loc i ty  a t  Z = 0, f t / s e c  
A i r  flow, lb / sec  
Bromine flow, lb/sec 
Weight of bromine between Z = 0 and Z = Z, l b  
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Distance from end of bromine i n j e c t i o n  duct,  f t  o r  i n .  
Eddy v iscos i ty ,  f t 2 / sec  
Molecular v i s c o s i t y  of mixture, l b / sec - f t  
A i r  v iscosi ty ,  1.2 x lb / sec - f t  
Bromine v i scos i ty ,  0.988 x 10-5 lb / sec - f t  
Mixture dens i ty ,  l b / f t 3  
A i r  densi ty  a t  Z = 0, l b / f t 3  
Local bromine dens i ty,  l b / f  t 3  
Bromine dens i ty  a t  Z = 0, l b / f t 3  
Average bromine dens i ty& / T r12L 
Dimensionless bromine time constant ,  t, / ( {  r12/PA ) 
The r e s u l t s  of  t e s t s  conducted a t  the  NASA L e w i s  Research Center t o  determine 
t h e  c h a r a c t e r i s t i c s  of a coaxial-flow gaseous nuclear  r e a c t o r  ( see  Ref. 11) a r e  i n  a 
form which i s  not e a s i l y  used i n  a gaseous nuclear  r e a c t o r  performance a n a l y s i s  
method which i s  being employed a t  the  UAC Research Laborator ies .  This a n a l y s i s  
method employs three  dimensionless parameters:  an axial-f low Reynolds number, R e Z  j 
a dimensionless time constant ,  T g  j and a dimensionless dens i ty  r a t i o ,  pB/PA . The 
r e l a t i o n  between each of these  parameters and t h e  d a t a  from Ref. 11 i s  developed i n  
t h e  following paragraphs. 
t h e  data from Ref. 11 a r e  summarized i n  Table 11. 
- 
A l l  dimensions employed a r e  i l l u s t r a t e d  i n  Fig. 29, and 
The first parameter is  ReZ , which i s  def ined  as fol lows:  
- ‘AVArI - -  
ReZ P A  
(11-1) 
On the  basis of the  d e f i n i t i o n  of ReA employed i n  Ref. 11, ReZ can be determined 
as fol lows:  
(11-2) 
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The values of ReZ 
'1 = 0.287 in .  ( i .e . ,  f 6 / r ,  = 0.75), which y i e l d s  a value of r , /do  = 0.0639. 
value of do of 4.56 in .  w a s  determined from values  O f  ReA ,VA , PA , and WA from 
Ref. 11. All evaluat ions of parameters from t h e  r e s u l t s  of Ref. 11 a r e  v a l i d  only 
f o r  values of f 6 / f l  which a r e  s u f f i c i e n t l y  small  t h a t  the  mixing of gases near t h e  
a x i s  has no inf luence on the  ve loc i ty  and concentrat ion a t  r ad ius  rl , and only i f  
t h e  change i n  t h e  p o s i t i o n  of t h e  outer  wall  t o  r ad ius  r l  has no inf luence on t h e  
flow p a t t e r n  in s ide  r ad ius  r l  . Insu f f i c i en t  information i s  presented i n  Ref. 11 t o  
determine whether t h i s  c r i t e r i o n  is  s a t i s f i e d  f o r  r6 / f l  of  0.75 ( t h e  Value assumed 
i n  determining some of t h e  information i n  Table 11). 
given i n  Table I1 have been determined for do = 4.56 in .  and 
The 
It is  convenient t o  employ a f u e l  or bromine t i m e  constant  which is  a measure 
of t he  average length  of time which the  heavy gas remains i n  t h e  cav i ty  of a gaseous 
nuclear  rocke t  engine. This t i m e  constant is  def ined as follows: 
o r  
where 
(11-4) 
The t i m e  cons tan t  determined i n  model tes ts  can be sca led  t o  determine t h e  t i m e  
constant  i n  a f i l l - s c a l e  engine if the  configurat ions are dynamically similar; t h a t  
is, i f  a l l  p e r t i n e n t  dimensionless parameters i n  the  two configurat ions a r e  equal.  
These parameters include geometric length  r a t i o s ,  Reynolds numbers, Froude number, 
molecular weight r a t i o ,  laminar and turbulent  Schmidt numbers, and dimensionless 
temperature d i s t r i b u t i o n .  
shown t h a t  t h e  r a t i o  of any ve loc i ty  to  any o the r  v e l o c i t y  and t h e  r a t i o  of any 
d e n s i t y  t o  any o the r  dens i ty  a r e  f ixed.  Therefore, f o r  dynamically similar con- 
f i g u r a t i o n s ,  it can be seen t h a t  the  parameter K i n  Eq. (11-5) i s  f ixed  and, hence, 
t h a t  t h e  t i m e  cons tan t  f o r  dynamically similar conf igura t ions  is  propor t iona l  t o  
rl /Vn according t o  Eq. (11-4). 
If two configurat ions are dynamically similar, it can be 
The absolu te  v e l o c i t y  i n  Eq. (11-4) can be el iminated by s u b s t i t u t i o n  from t h e  
d e f i n i t i o n  of Reynolds number i n  Eq. (11-1) as follows: 
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Since dynamic s i m i l a r i t y  a l s o  r equ i r e s  t h a t  Reynolds number be f ixed ,  it i s  
convenient t o  def ine a dimensionless time constant ,  TB , as follows: 
(11-6) 
This dimensionless time constant  should be f i x e d  f o r  dynamically similar 
configurat ions.  
From Eqs .  (11-3) and (11-71, 
(11-8) 
The dimensionless time constant ,  rB 
from experiments. 
, i n  Eqs .  (11-7) and (11-8) must be determined 
The t h i r d  parameter i n  the  engine performance ana lys i s  method i s  t h e  dens i ty  
r a t i o ,  6 / PA , which is  def ined as fol lows:  
Evaluation o f  Eqs .  ( I I -3) ,  (11-8), and (11-9) r equ i r e s  knowledge of t he  amount 
of bromine s tored wi th in  t h e  simulated c a v i t y  reg ion  of a gaseous nuclear  rocke t  
engine. 
Ref. 11 t o  determine t h i s  quan t i ty  exac t ly ,  a technique has been adopted which 
r e s u l t s  i n  approximate values  o f ~ B  , 
employed, where 
Although i n s u f f i c i e n t  measurements were obtained i n  t h e  t e s t s  r epor t ed  i n  
In t h i s  technique, an average Value of C *  i S  
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(11-10) 
It has been assumed t h a t  
- 
= c*p T'6 2 L 
BO 
(11-11) 
Equation (11-11) is  only approximate because t h e  measurement of l o c a l  average con- 
cent ra t ion ,  C', i n  Ref. 11 w a s  made using a l i g h t  beam which passed only through t h e  
c e n t e r l i n e  of t he  bromine flow. This d i f f i c u l t y  i n  determining t r u e  average concen- 
t r a t i o n  has been avoided i n  t h e  reduct ion of data a t  t h e  NASA L e w i s  Research Center 
by comparing t h e  v a r i a t i o n  of measured C *  with d i s t ance  t o  ca lcu la ted  v a r i a t i o n s  of 
C" with  d is tance  determined from a n  analysis  of t h e  r a t e  of d i f f u s i o n  of t h e  gases  
f o r  f ixed  values of eddy v i scos i ty .  The t rue average concentrat ion i s  then  d e t e r -  
mined from an i n t e g r a t i o n  of t he  v a r i a t i o n  of t h e o r e t i c a l  concentrat ion w i t h  r ad ius  
f o r  t h e  eddy v i s c o s i t y  which provides the  bes t  match with the  measured v a r i a t i o n  of 
C* w i t h  axial dis tance.  
basis of d a t a  from nine such t h e o r e t i c a l  runs  which have been furnished by 
M r .  Robert Ragsdale of t h e  NASA Lewis Research Center. 
s t o r e d  was wi th in  10 percent  of t h a t  indicated by Eq. (11-11) f o r  Runs 6, 9,  10, 
and 11 from R e f .  11. 
Eq. (11-11) by between 25 and 35 percent  f o r  Runs 13, 15, 16, and 18, and by 
approximately 50 percent  f o r  Run 20. 
weight of heavy gas s t o r e d  wi th in  a given length. 
A check on the  v a l i d i t y  of Eq. (11-11) has been made on the 
The t r u e  amount of  flow 
However, t h e  t r u e  value w a s  l e s s  than that  ind ica ted  by 
Therefore, Eq. (11-11) overestimates t h e  
In t eg ra t ions  have been made of experimental d a t a  repor ted  i n  Ref. 11 t o  de te r -  
mine values  of C *  f o r  t h r e e  d i f f e r e n t  values of L/r6. 
t i o n s  are given i n  Table I1 along with values of pB/PA 
and Eqs. (11-8), (II-9), and (11-11). 
determined from Eq. (11-2). A l l  values of PB/PA , re,  and R e Z  i n  Table I1 were 
determined f o r  r6 / r l  = 0.75. 
c a t e s  t h a t  changes i n  t h e  assumed value of r6/r l  
The r e s u l t s  of t hese  in tegra-  
and T~ evaluated from c* 
R e Z  
Examination of Eqs.  ( I I - Z ) ,  (11-81, and (11-9) i n d i -  
Also shown on t h i s  t a b l e  a r e  values  of 




All values of T, and </PA from Table I1 have been p l o t t e d  as a func t ion  of 
-: 8. 
G / P ,  f o r  se lec ted  runs a r e  p l o t t e d  i n  Figs.  32 and 33 as a f i n c t i o n  of L / r ,  . Reynolds number i n  Figs.  30 and 31 f o r  a value of L/r, 
Aimensionless time constants  a r e  p l o t t e d  i n  Fig. 34 as a func t ion  of &/PA 
value of L / r 6  = 8. 
Reynolds number. 
Values of T, and 
All 
Separate symbols have been employed i n  Fig. 34 f o r  each range of 
f o r  a 
The co r re l a t ion  of t he  d a t a  i n  Ref. 11 ind ica t e s  t h a t  t he  t o t a l  v i s c o s i t y  (sum 
of eddy and molecular v i s c o s i t i e s )  i s  r e l a t e d  t o  Reynolds number as fol lows:  
I /2 
= 1+0.0172 - I )  (ReB - 250) P 
For l a r g e  values of Re, and Re, , Eq. (11-15) reduces t o  
I /2 
- PE+P 0.0172 (v, a - I) Ree 
P 
( 11-16) 
For condi t ions for which Eq. (11-16) is  va l id ,  it can be  shown t h a t  t he  r a t i o  of any 
v e l o c i t y  t o  any o ther  ve loc i ty  i s  independent of  a l l  Reynolds numbers f o r  f ixed  
values  of  VA/VB , and f o r  f i x e d  values  of o the r  dynamic s i m i l a r i t y  parameters. 




N -  
ReZ 
7)  i s  v a l i d  only f o r  f i x e d  values  of VA, V, . Calculat ions based on 
Table I1 ind ica te  t h a t  VA/VB 
and i s  approximately equal  t o  9.0 f o r  Runs 13, 16, and 18. 
Fig. 30 t h a t  the v a r i a t i o n  of T, with  ReZ 
approximately as ind ica ted  by Eq. (11-17). 
i s  approximately equal  t o  3.0 f o r  Runs 6, 10, and 11, 
It can be seen from 
f o r  each of t hese  two s e t s  of d a t a  i s  
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I. APPENDIX I11 
HEAT GENERATION RATE IN RTEL PASSING THROIJGH FITEL-INJECTION DUCT 
LOCATED IN MODERATOR OF GASECIUS N U C W  ROCKET ENGINE 
t 
Symbols Employed in Appendix 111 
A C r o s s  sectional area of fuel-injection duct, ft2 
I B Q / Q G  (see Fig. 39) 
~ Atif Enthalpy rise of fuel in passing through fuel-injection duct, Btu/lb 
Jrn Moderator thickness, ft o r  cm 
I Q Rate of heat generation in fuel within fuel-injection duct, Btu/lb-sec 
- 
Q Average rate of heat generation in fuel within fuel injection duct, 
Btu/lb-sec 
Qc Rate of heat generation in fuel within cavity, Btu/lb-sec 
ri Inside radius of fuel-injection duct, cm or in. 
r0 Outside radius of sleeve surrounding fuel-injection duct, cm or in. 
Ar Slant thickness of fuel-injection sleeve, Ar,/COS$, cm or in. 
A rn Thickness of fuel-injection sleeve normal to axis plane, cm or in. 
(see Fig. 35) 
- 
Arn Average thickness of fuel-injection sleeve normal to axis plane, cm or in. 
t Time, sec 
Dwell time of fuel in fuel-injection duct for constant fuel velocity 
along fuel-injection duct, sec 
t fs  
Velocity of fuel passing through fuel injection duct, ft/sec Y 
w f Weight flow of U-233 fuel, lb/sec 
Distance from outs ide  edge of mofierator, c m  or  f t  
Distance from ins ide  edge of moderator, cm o r  f t  
Ef fec t ive  fuel-exposure length  of f u e l - i n j e c t i o n  duct f o r  heat ing due t o  
uncollided neutrons from cavi ty ,  cm o r  f t  
Angle shown on Fig. 35, deg 
Angle shown on Fig. 35, deg 
Fuel densi ty  i n  c a r r i e r  gas, l b / f t 3  
Macroscopic absorpt ion cross s e c t i o n  of s leeve  w a l l  mater ia l ,  cm'l 
Macroscopic f i s s i o n  c ross  s e c t i o n  of nuclear  f u e l ,  cm'l 
Neutron f l u x  a t  cavity-moderator boundary, neutrons/cm2-sec 
Neutron f l u x  in s ide  hafnium f u e l  i n j e c t i o n  duct ,  neutrons/cm2-sec 
Neutron f l u x  outs ide  hafnium f u e l  i n j e c t i o n  duct,  neutrons/cm*-sec 
Angle shown on Fig. 35, deg 
Many gaseous nuclear  rocke t  concepts, such as t h e  concept descr ibed i n  Ref. 9, 
requi re  t h a t  f u e l  be i n j e c t e d  sepa ra t e ly  from t h e  p rope l l an t  through a fue l -  
i n j e c t i o n  duct l oca t ed  i n  the  moderator of t h e  engine i n t o  t h e  engine cavi ty .  
conf igura t ion  employed i n  t h e  following ana lys i s  of t h e  hea t  genera t ion  i n  the  f u e l  
while i n  the  fue l - in j ec t ion  duc t  i s  given i n  Fig. 35. It i s  assumed tha t  t h e  fue l -  
i n j e c t i o n  duct is surrounded by a s leeve  made of  a m a t e r i a l  such as hafnium which 
w i l l  absorb a l a r g e  f r a c t i o n  of t he  neutrons pass ing  i n t o  t h e  f u e l - i n j e c t i o n  s leeve .  
The ana lys i s  i n  t h e  fol lowing subsect ions f i r s t  considers  t h e  neutron f l u x  which 
passes  through t h e  s leeve,  and then considers  t h e  uncol l ided  neutron f l u x  which 
passes  from the c a v i t y  i n t o  t h e  open end of t he  duc t  exposed t o  the  cavi ty .  
two sources of hea t  genera t ion  a r e  then  added t o  ob ta in  t h e  o v e r a l l  heat  generat ion 
r a t e  i n  the  fue l  wi th in  the  f u e l - i n j e c t i o n  duct .  
mass of the  presence of t he  neutron poison i n  t h e  f u e l - i n j e c t i o n  duc t  s leeve  i s  
e s t  imat ed . 
The 
These 
F ina l ly ,  t h e  e f f e c t  on c r i t i c a l  
2a 
Heat Generation Rate Due t o  
Neutron Flux Passing Through Sleeve 
I It is  assumed t h a t  t h e  s c a t t e r i n g  of neutrons by the  s leeve surrounding the  
f u e l - i n j e c t i o n  duct is negl ig ib le ,  t h a t  the  length  of t he  s leeve i s  e f f e c t i v e l y  
i n f i n i t e ,  and t h a t  the  neutron flux approaching t h e  s leeve is  i so t rop ic .  It is also 
assumed t h a t  the  thickness  of the  s leeve  i s  s m a l l  compared t o  the  neutron mean-free 
path outs ide the  s leeve such t h a t  t h e  f l u x  depression i n  t h e  moderator caused by the  
s leeve i s  negl ig ib le .  This l a t t e r  assumption r e s u l t s  i n  a s l i g h t  overestimation of 
the  f l u x  wi th in  the  sleeve. 
I 
1 
I The r a t i o  of the  neutron f l u x  wi th in  the s leeve t o  the  f l u x  outs ide  t h e  s leeve 
I i s  derived using Fig. 35. 
'0 COS e, - fi COS ez 
cos Q A r  = 
(111-2) 
where #I i s  t h e  angle  between the  plane normal t o  the  a x i s  of t he  c y l i n d r i c a l  absorber 
and any oblique plane through the  s leeve shown i n  Fig.  35. Thus, I 
Consider a band of u n i t  a r e a  on the  outer  surface of the  c y l i n d r i c a l  absorber of  
width, 2 f i  . The r a t i o  of f l u x  ins ide  the  c y l i n d r i c a l  absorber t o  f l u x  outs ide the  
absorber is given by 
For s impl ic i ty ,  assume t h a t  
(111-4) 
- 
where Orn i s  a Constant f o r  a s e l e c t e d  geometry given b y  tr.e following equations.  
I /2 
ri 'i 
JArn d l  i [ ( r i - , 42 ; ' 2  -(r:-A2) ] d l  
- P:O - L -0 (111-6) - 
'i 
Dr, = 
Arn and Gn a r e  dis t inguished from nr i n  t h a t  4 = 0 (plane normal t o  s leeve 
a x i s  shown i n  F i g .  35) forArn  a n d E n  . 
&does not differ  g r e a t l y  from (ro - ri ) .  
f i / r o  v a r i e s  between 0.0 and 0.5 and,over t h i s  range, t h e  r a t i o  of 
1.0 to 1.13 The r e s u l t s  of t h e  ca l cu la t ions  of t h e  r a t i o s  of f l u x  i n s i d e  t h e  
absorber. t o  f lux  outs ide,  G ' i / @ o ,  a r e  shown i n  F ig .  36 f o r  f i / r o  = 0.0,  0.25 and 
This approximation i s  accu ra t e  as long as 
For the  cases of i n t e r e s L  i n  t h i s  work, 
va r i e s  from Ar ro-:, 
0.50. 
Calculations of the  neutron f l u x  a t  d i f f e r e n t  pos i t i ons  along the  length of 
tkle fue l - in j ec t ion  duct have been made on t h e  b a s i s  of a t y p i c a l  neutron f l u x  d i s -  
t r i b u t i o n  f o r  t h e  configurat ion shown on F ig .  35 using techniques descr ibed i n  R e f .  
12 .  These calculat ions were made f o r  a t o t a l  of 19 r a d i a l  s t a t i o n s  i n  t h e  moder- 
a t o r .  
t h ree  major portions o f  t h e  moderator a r e  given i n  Table 111. The c a l c u l a t i o n s  of 
f l u x  wi th in  the f u e l - i n j e c t i o n  duct have been made on t h e  b a s i s  of t h e  use of haf- 
nium as a sleeve wall  mater ia l .  It is  assumed t h a t  t he  hafnium i s  cooled by 
coolant ducts  occupying t en  percent of the  hafnium volume. 
hafnium absorption across  sec t ions  obtained using R e f .  13 f o r  each energy group a r e  
shown i n  Tab le  I V .  Also shown i n  Table I V  a r e  t h e  macroscopic f i s s i o n  cross  sec-  
t i o n s  f o r  U-233 f u e l .  The e f f e c t  of s e l f - s h i e l d i n g  of neutrons by the  nuclear  f u e l  
on tlie heat  generation wi th in  t h e  nuclear  f u e l  was neglected.  
Average values of neutron f l u x  i n  each energy group and f o r  each of t h e  
Average macroscopic 
The results of ca l cu la t ions  of t he  l o c a l  hea t  generat ion ra te  i n  t h e  f u e l  
within the  fue l - in j ec t ion  duct r e l a t i v e  t o  t h a t  f o r  f u e l  i n  t h e  c a v i t y  are  shown i n  
F ig .  37 f o r  r,  =O.Q4 i n . w i t h  s leeve w a l l  th icknesses  of 0 .0 ,  1 .0 ,  and 2.0 in .as  a 
funct ion of tne d i s t ance  from t h e  outs ide edge of t h e  moderator. The r e s u l t s  shown 
on this f igu re  were determined by summing t h e  products of (@,/(&J) xf@p, 
18 neutron energy groups a t  each of 19 d i f f e r e n t  radial  s t a t i o n s  i n  t h e  r e f l e c t o r  
moderator. The values of (a, /ao) were taken from F i g .  36 f o r  each neutron energy 
group as a function of C a ( r o - r i )  
th icxness .  Also shown i n  the  t a b l e  on F ig .  37 a r e  average values of t h e  keat 
generation rate  wi th in  t h e  f u e l - i n j e c t t o n  duct  r e l a t i v e  t o  t h e  hea t  generation r a t e  
f o r  a l l  
f o r  t n e  p a r t i c u l a r  energy group and hafnium sleeve 
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i n  t he  f u e l  within the  cavi ty .  In  ca lcu la t ing  t h e  hea t  generat ion r a t e  wi th in  the  
fue l - in j ec t ion  duct, it w a s  assumed t h a t  no neutron, gama,  or b e t a  p a r t i c l e  energy 
would be deposi ted i n  t h e  fuel during in j ec t ion  due t o  t h e  small  dimensions of t h e  
in s ide  of t h e  i n j e c t i o n  tQbe  and small residence t i m e  f o r  t h e  f u e l  wi th in  t h e  tube.  
On t h e  o ther  hand, t h e  hea t  generat ion rate  f o r  f i e 1  wi th in  t h e  cav i ty  includes 
cont r ibu t ions  from a l l  energy sources,  namely f i s s i o n  fragments, neutrons, gamma 
rays,  and b e t a  p a r t i c l e s .  
t h e  f u e l - i n j e c t i o n  duct t o  t h a t  i n  the cavity f o r  i d e n t i c a l  neutron f luxes  would 
be 0.88. 
On t h i s  bas i s ,  t he  r a t i o  of hea t  generat ion r a t e  w i th in  
Heat Generation Due t o  Uncollided Flux froin Cavity 
A c e r t a i n  f rac t ion .  of t h e  flux near the cav i ty  boundary w i l l  en t e r  t h e  end of 
t h e  f u e l - i n j e c t i o n  duct. 
exposure of t h e  f u e l  i n  t h e  tube t o  uncollided f l u x  from t h e  cav i ty  should be pro- 
p o r t i o n a l  t o  the  s o l i d  angle subtended along t h e  tube ax i s .  The f i s s i o n  r a t e  a t  
any poin t  y w i l l  be 
Assuming an i so t rop ic  f l u x  approaching t h e  duct, t h e  
(111-8) 
where i s  t h e  neutron flux a t  t h e  cavity-moderator boundary. 
A p l o t  showing t h e  v a r i a t i o n  of l oca l  heat  generat ion r a t e  i n  the  f u e l -  
i n j e c t i o n  duct  due t o  t h e  uncol l ided f lux  from t h e  cav i ty  r e l a t i v e  t o  t h a t  f o r  f u e l  
i n  t h e  cav i ty  i s  given i n  Fig. 38. 
f l u x  from t h e  moderator was absorbed by the s leeve.  
i n j e c t i o n  duc t  ( y = 0), t h e  f l u x  seen by the f u e l  i s  h a l f  t h a t  a t  t h ?  cavi ty-  
moderator boundary because t h e  f u e l  i n  t h i s  region sees  only t h e  f l u x  coming from 
t h e  c a v i t y  d i r ec t ion ,  while  t he  f u e l  i n  the cav i ty  sees  f l u x  from a l l  d i r ec t ions .  
Also, the hea t  c rea ted  i n  t h e  f u e l  within t h e  f u e l - i n j e c t i o n  duct is  assumed t o  be 
t h a t  due t o  only f i s s i o n  fragments f o r  the reasons discussed previously.  
h e a t  genera t ion  r a t e  due t o  t h e  f u e l  within t h e  cav i ty  i s  considered as t h a t  from 
a l l  causes,  t h e  r e s u l t i n g  hea t  generation r a t e  i n  t h e  f u e l  loca ted  a t  the  exac t  
e x i t  of  t h e  f u e l - i n j e c t i o n  duct i s  approximately 44% of the  t o t a l  hea t  generat ion 
r a t e  of  t h e  f u e l  wi th in  t h e  cavi ty .  
In ca lcu la t ing  Fig. 38 it w a s  assumed t h a t  a l l  
A t  t h e  end of t he  f u e l -  
Since t h e  
The t o t a l  hea t  generated within the f u e l  i n  t h e  f b e l - i n j e c t i o n  duct  may be 
obta ined  by in t eg ra t ing  t h e  curve shown on Fig. 38. 
formed, a r e s u l t  is  obtained which indicates  t h a t  t h e  t o t a l  hea t  generated wi th in  
t h e  f u e l - i n j e c t i o n  duct due t o  uncollided f l u x  from the  cav i ty  i s  equal t o  that  
If such an i n t e g r a t i o n  is  per-  
which would occur i n  a duc t  having a length  equal t o  0.447 r i  
subjec ted  t o  the  f u l l  neutron f l u x  i n  the  cavi ty .  
as an e f f ec t ive  f u e l  exposure length,  y e .  
i f  t h i s  length  were 
This length,  0.447 r i  , is  denoted 
To ta l  Heat Deposited i n  Fuel Within Fuel - In jec t ion  Duct 
A s e r i e s  of c a l c u l a t i o x  have been c a r r i e d  out  t o  determine the  t o t a l  f u e l  
hea t ing  r a t e  as a f'unction of s leeve  w a l l  th ickness  f o r  i n t e r n a l  s leeve  r a d i i  of 
0.04, 0.08, 0.2, and 0.4 in .  
f l u x  passing through the  s leeve  (such as t h a t  shown i n  Fig. 37) t o  t h a t  due t o  t h e  
uncol l ided flux from the  c a v i t y  (F ig ,  38). 
shown i n  Fig, 39. 
g r e a t e r  than  approximately 0.5 in . ,  a major i ty  of t he  hea t  generat ion i n  t h e  f u e l  
occurs as a r e s u l t  of  uncol l ided f l u x  o r ig ina t ing  i n  t h e  cav i ty  r a t h e r  than  from 
f l u x  which has passed through t h e  s leeve.  Minimization of t h e  f l u x  from t h e  cav i ty  
wo . J ld  r equ i r e  t h e  use of t h e  smal les t  poss ib l e  value of t he  in s ide  diameter of t h e  
fue l - in j ec t ion  duct.  An e f f e c t i v e  reduct ion i n  the  diameter of t h i s  f u e l - i n j e c t i o n  
duct  could be obtained by f i l l i n g  the  downstream end of t he  duc t  wi th  "egg c r a t e "  
p a r t i t i o n s  made from hafnium. As  noted on Fig. 39, a l l  ca l cu la t ions  of t he  f l u x  
passing through t h e  s leeve  were made on the  basis of the  use of hafnium as t h e  
s leeve  w a l l  mater ia l .  
This heat ing r a t e  w a s  determined by adding that. d - 1 ~  t.0 
The r e s u l t s  of t h i s  ca l cu la t ion  a r e  
It can be seen f r o a  t h i s  f i g u r e  t h a t ,  f o r  s leeve  thicknesses  
The ove ra l l  enthalpy r i s e  i n  the  f u e l  i n  passing through the  f u e l - i n j e c t i o n  
duc t  may be determined from the  following equation. 
(111-9) 
A t y p i c a l  value o f  hea t  depos i t ion  r a t e  f o r  f u e l  i n  t h e  cav i ty  i s  5 x lo6 Btu/lb- 
sec.  
w a l l .  th ickness  of  0.5 in . ,  t h e  r a t i o  of energy r e l e a s e  of f u e l  i n  t h e  f u e l - i n j e c t i o n  
duc t  t o  t h a t  i n  t h e  cavi ty ,  E,  i s  0.003 according t o  Fig.  39. Therefore, f o r  t h i s  
example, 
For a fue l - in jec t ion  duc t  having a n  i n s i d e  r ad ius  of 0.04 in .  and a phys ica l  
BQ, = 6 = 0.003 ( 5 ~ 1 0 ~ )  = 1 . 5 ~  IO4 BTU/LB-SEC (111-10) 
From Fig. 1, J w =  2 f t .  The f u e l  rmrst pass through t h e  f u e l - i n j e c t i o n  duct  r a p i d l y  
enough s o  t h a t  t h e  temperatures c rea ted  i n  t h e  f u e l  are acceptable .  If t h i s  maximum 
temperature i s  assumed t o  be t h a t  f o r  n e l t i n g  of t h e  f u e l - i n j e c t i o n  duct (- 3600 R )  
t he  corresponding enthalpy would be approximately 150 Btu/lb.  
probably hydrogen, would a l s o  be employed and might occupy 50% of the  volume wi th in  
the  duc t ,  However, t he  con t r ibu t ion  of the  energy absorp t ion  of t he  hydrogen r e l a -  
t i v e  t o  t h a t  of t h e  mixture woJld be n e g l i g i b l e .  
A c a r r i e r  gas, 
Therefore,  
A H f =  150 BTUILB 
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If values f o r  & f ,  a,  and a,, a r e  subs t i t u t ed  i n  Eq. (111-g), it i s  concluded t h a t  
t he  minimum permissible  ve loc i ty  of t he  fue l  i n  passing through t h e  moderator, 
('f )MIN 9 i s  
If Vf is l e s s  than 200 f t / s e c ,  t he  temperature of t h e  f u e l  at  t h e  end of t h e  f u e l  
duct  w i l l  be g r e a t e r  than the  assumed value of 3600 R. 
v e l o c i t y  would have been 66,700 f t / s e c  i f  the hafnium l i n e r  had not been employed 
Note t h a t  the  requi red  f u e l  
( 8  = 1.0). 
Knowing VfMIN, r i  , and the  f u e l  density,  PF , at  3603 R and 1000 a t m ,  t h e  
minimum i n j e c t i o n  r a t e  of fue l ,  WF, can be ca lcu la ted .  
dens i ty  of t h e  c a r r i e r  gas, H2, i s  negl ig ib le  r e l a t i v e  t o  p a r t i c u l a t e  o r  condensed 
U-233 p resen t  a t  50% by volume and therefore ,  from R e f .  14, PF = 575 l b / f t 3 .  
r i  = 0.1 em 
It i s  assumed t h a t  t h e  
If 
This f u e l  flow r a t e  could obviously be reduced by employing a smaller  volume f r a c -  
t i o n  of f u e l  i n  t h e  duct o r  by employing a smaller  duct diameter. 
E f fec t  of Neutron Absorption i n  Sleeve on C r i t i c a l  Mass 
The presence of a neutron-absorbing sleeve surrounding t h e  f u e l - i n j e c t i o n  duct 
w i l l  cause an  increase i n  t h e  c r i t i c a l  mass of nuclear  f u e l  requi red  i n  t h e  cavi ty .  
The neutron-absorbing s leeve  of thickness  g r e a t e r  than 0.5 cm w i l l  e f f e c t i v e l y  
remove a l l  neutrons passing through an area equal  t o  t h e  e x t e r n a l  sur face  a r e a  of 
t h e  s leeve.  
a r e a  uniformly d i s t r i b u t e d  throughout t he  moderator and equal  t o  1% of t h e  cav i ty  
su r face  a r e a  w i l l  r e s u l t  i n  an increase  i n  c r i t i c a l  mass of approximately 25%. 
This informatian has been used t o  construct T a b l e P .  It can be seen t h a t  care  must 
be taken t o  minimize the  diameter of t h e  sleeve surrounding the  fue l - in j ec t ion  duct  
i n  order  t o  minimize t h e  r e s u l t i n g  e f f e c t  on c r i t i c a l  mass. For t h e  example i n  t h e  
preceding sec t ions ,  a f u e l  i n j e c t i o n  tube w i t h  r; 
s l eeve  th i ckness  of 0.5 in.  would r e s u l t  in  an increase i n  c r i t i c a l  mass of 
about 5.5%. 
Corporate-sponsored s t u d i e s  have ind ica ted  t h a t  a neutron-absorbing 
= 0.04 i n .  (0.1 cm) and with a 
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CONSTANTS EMPLOYED TO CALCULATE COMPRESSIBILITY OF HYDROGm 
See Text, Eqs .  (4), (5), and (6) 
Constant - 
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(cc/g.mole) * ( O K )  
(cc/g.mole) * ( O K )  
2 
7,- -I .. - - v a I ut: b Br1pi v ye d 
in Ref. 3 
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RELCLTrVE VALUES OF AVERAGE NEU’iRON FLUX IN EACH ENERGY GROUP 
AND I N  DIFFERENT PORTIONS OF MODERATOR 
See Appendix I11 
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NEUTRON ABSORPTION CROSS SECTIONS FOR HAFNIUM AND 
FISSION CROSS SECTIONS FOR URANIUM-233 
FOR DIFFEXENT NEUTRON ENERGY GROUPS 
See Appendix I11 
Hafnium Atom Density = 4.0 x atom/cm3 
U-233 Atom Density = 4.65 x atom/cm3 
Boundaries of Energy Group, ev 
Lower End 





































Neutron Absorption Cross 
Sect ion f o r  Hafnium, 



















Fiss ion  Cross 





















EFFECT OF THICXNESS OF SIXEVE SURROUNDING 
FUEL-INJECTION DUCT ON CRITICAL MASS 
See Appendix I11 
Cavity Diameter - 9 f t  
Spherical Cavity Surface Area = 254.0 f t 2  = 2.36 x lo5 cm 
Moderator Thickness = 2 f t  = 61.0 cm 
2 
3utside Radius 
3f Sleeve Sur- 
rouding Fuel- 
Inject ion Duct, 
r,-cm 











Area of Sleeve 
Surrounding Fuel 






Outside Sleeve Surface Area 
~ ~~~ 
Cavity Surface Area 
.00162 
.00487 
Fract ional  
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C r i t i c a l  Mass 






























MOLLIER DIAGRAM FOR HYDROGEN AT HIGH PRESSURES 
DATA CALCULATED USING PROCEDURES OF REF. 3 
FIG. I 
~ 
13 14 15 16 17 18 
ENTROPY, S - BTU /LB - DEG R 
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EFFECT OF PRESSURE ON 
ISENTROPIC ENTHALPY RISE IN HYDROGEN PUMP 
PUMP INLET PRESSURE, PI I ATM 
PUMP INLET TEMPERATURE, T, = 36 R 
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D - 910093- 19 FIG. 4 
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43 
0 -910093- 19 FIG. 6 
PRIMARY TURBINE PRESSURE DROP REQUIRED FOR TOPPING 
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CYCLE AND TURBINE INLET TEMPERATURE OF 3000 R 
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0-910093-19 FIG. a 
PRIMARY TURBINE PRESSURE DROP REQUIRED FOR TOPPING 
CYCLE AND TURBINE INLET TEMPERATURE OF 3800 R 
APHE : P -P3 0 2 
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EFFECT OF TURBINE INLET TEMPERATURE ON 
MAXIMUM ENGINE INLET PRESSURES FOR TOPPING CYCLE 
MAXIMUM VALUES OF ENGINE INLET PRESSURE DETERMINED FROM MAXIMUM ASSUMED 
VALUES OF PRIMARY TURBINE PRESSURE DROP NOTED ON EACH SET OF CURVES 
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B 
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TURBINE INLET TEMPERATURE, T 3  = 2200 R 
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BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE 
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BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE 



















0-910093- 19 FIG. 13 
BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE 
AND TURBINE INLET TEMPERATURE OF 3000 R 
I .o 
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0-910093 -IS FIG. 14 
BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE 
AND TURBINE INLET TEMPERATURE OF 3800R 
APHE P2 - P3 = 0 --- APHE = P2 - P3 2 5 0  ATM 
IO 
ENGINE INLET PRESSURE, P4 -ATM 
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0-910093-19 
EFFECT OF TURBINE INLET TEMPERATURE ON 
MAXIMUM ENGINE INLET PRESSURES USING BLEED CYCLE 
MAXIMUM ENGINE INLET PRESSURES DETERMINED FROM FIGS. I I 
TO 14 FOR VALUES OF BLEED FRACTION NOTED ON EACH SET OF CURVES 
APHE : P2 - P3 : 0 
: P - P  : 5 0 A T M  
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D -910093 - I9 FIG. I6 
EFFECT OF HYDROGEN CHARACTERISTICS IN  PUMP ON 
BLEED FLOW FRACTION FOR BLEED CYCLE 
TURBINE INLET TEMPERATURE, T3 z 2 2 0 0 R  
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A (USED TO CALCULATE FIGS I I  TO 15) 
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PRIMARY TURBINE PRESSURE DROP REQUIRED 
FOR MIXED CYCLE AND PRIMARY TURBINE 
INLET TEMPERATURE OF 1400 R 
CORRESPONDING VALUE OF BLEED FLOW FRACTION GIVEN IN FIG. 18 
FRACTION OF WORK IN PRIMARY TURBINE, F -  0.5 
AP,, P2 -P, -0 
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0-910093-19 FIG. I8 
BLEED FLOW FRACTION REQUIRED FOR MIXED CYCLE 
AND PRIMARY TURBINE INLET TEMPERATURE OF 1400 R 
CORRESPONDING VALUE OF PRIMARY TURBINE PRESSURE DROP GIVEN IN FIG. 17 
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D-910093- 19 FIG. 19 
PRIMARY TURBINE PRESSURE DROP REQUIRED 
FOR MIXED CYCLE AND PRIMARY TURBINE 
INLET TEMPERATURE OF 2200R 
CORRESPONDING VALUE OF BLEED FLOW FRACTION GIVEN IN FIG. 20 
FRACTION OF WORK IN PRIMARY TURBINE, F: 0.5 
AP,, = P2 - P, = 0 













D - 910093 - 19 FIG. 20 
BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE 
AND PRIMARY TURBINE INLET TEMPERATURE OF 2200 R 
CORRESPONDING VALUE OF PRIMARY TURBINE PRESSURE DROP GIVFN IN FIG. 19 
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PRIMARY TURBINE PRESSURE DROP REQUIRED 
FOR MIXED CYCLE AND PRIMARY TURBINE 
































CORRESPONDING VALUE OF BLEED FLOW FRACTION GIVEN IN FIG. 22 
FRACTION OF WORK IN PRIMARY TURBINE, F =  0.5 
00 
ENGINE INLET PRESSURE, p4 -ATM 
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D - 9 IO093 -19 FIG. 22 
BLEED FLOW FRACTION REQUIRED FOR BLEED CYCLE 
AND PRIMARY TURBINE INLET TEMPERATURE OF 3000 R 
CORRESPONDING VALUE OF PRIMARY TURBINE PRESSURE DROP GIVEN IN FIG. 21 
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D- 910093 -19 FIG. 23 
PRIMARY TURBINE PRESSURE DROP REQUIRED 
FOR MIXED CYCLE AND PRIMARY TURBINE 
INLET TEMPERATURE OF 3800 R 
CORRESPONDING VALUE OF BLEED FLOW FRACTION GIVEN IN FIG. 24 
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0-910093-19 FIG. 24 
BLEED FLOW FRACTION REQUIRED FOR MIXED CYCLE 
AND PRIMARY TURBINE INLET TEMPERATURE OF 3800 R 
CORRESPONDING VALUE OF PRIMARY TURBINE PRESSURE DROP IN FIG. 23 
FRACTION OF WORK IN PRIMARY TURBINE, F . 0 . 5  
A P H E  p2 - P, 0 

















0-910093-19 FIG. 25 
EFFECT OF PRIMARY TURBINE INLET TEMPERATURE ON 
MAXIMUM ENGINE INLET PRESSURES FOR M I X E D  CYCLE 
MAXIMUM VALUES OF ENGINE INLET PRESSURE DETERMINED FROM MAXIMUM ASSUMED 
VALUES OF PRIMARY TURBINE PRESSURE DROP NOTED ON EACH SET OF CURVES 
BLEED FRACTIONS CORRESPONDING TO EACH PRIMARY TURBINE 
PRESSURE DROP GIVEN IN FIG. 26 
PERCENT WORK IN PRIMARY TURBINE, F = 0 . 5  
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FRACTIONS REQUIRED IN MIXED CYCLE 
FRACTIONS CORRESPOND TO PRIMARY TURBINE PRESSURE 
DROPS SHOWN IN FIG.  25 
AP,, P2 -P3 = 0 












TURBINE INLET TEMPERATURE, T, - DEG R 
D - 910093- 19 FIG.27 
CALCULATED TEMPERATURE DISTRIBUTIONS IN 
FUEL- CONTAINMENT REGION 
W a 
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SEE APPENDIX I 
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GEOMETRY OF NASA LEWIS COAXIAL - FLOW EXPERIMENT 
SEE APPENDIX I[ AND REF.11 
FIG. 29 
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0-910093-19 FIG. 30 I 
EFFECT 
NUMBERS 
OF REYNOLDS NUMBER ON DIMENSIONLESS 
BROMINE TIME CONSTANT 
SEE APPENDIX 
L/r6 = 8 L / r ,  = 6  
r6/r l  = 0.75 
NEXT TO SYMBOLS DESIGNATE RUN NOS. FROM REF. II (SEE TABLEII) 
AXIAL -FLOW REYNOLDS NUMBER, ReZ 
I I 1 I I I I 
AIR REYNOLDS NUMBER, ReA 
lo00 2000 5000 IO,O00 20,000 50,000 lO0,OOO 
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FIG. 32 1 D - 9 I0093 - 19 
TYPICAL EFFECT OF CAVITY LENGTH -TO- DIAMETER RATIO 
ON DIMENSIONLESS BROMINE TIME CONSTANT 
SEE APPENDIX II 
= 0 .75  '6 "I 
NUMBERS NEXT TO CURVES DESIGNATE RUN NUMBERS FROM REF I 1  (SEE TABLEI I )  
0.5 
0 . 2  









1 -  D-910093 -19 FIG. 33 
EFFECT OF CAVITY LENGTH -TO -DIAMETER RATIO 
ON BROMINE - AIR DENSITY RATIO 
SEE APPENDIX II 
r 6 / r l  0.75 
NUMBERS NEXT TO CURVES DESIGNATE RUN NUMBERS FROM REF. 1 1  (SEE TABLE II) 
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FIG. 34 - I 
EFFECT OF BROMINE -TO -AIR DENSITY RATIO 
ON DIMENSIONLESS BROMINE TIME CONSTANT 
AVERAGE BROMINE DENSITY , & 
AIR DENSITY P A  
FIG. 35 I I 0-910093-19 
GEOMETRY EMPLOYED IN ANALYSIS OF FUEL- INJECTION DUCT 
FOR GASEOUS NUCLEAR ROCKETS 
SEE APPENDIX III 
/ 
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D-910 093- I9 FIG, 36 
INFLUENCE OF EFFECTIVE THICKNESS OF SLEEVE 
SURROUNDING FUEL- INJECTION DUCT ON NEUTRON FLUX - 
WITHIN FUEL-INJECTION DUCT 
SEE APPENDIX I l I  
(ro - r i  THICKNESS OF SLEEVE (SEE FIG. 3 5 )  
2, = MACROSCOPIC NEUTRON ABSORPTION CROSS SECTION OF SLEEVE WALL MATERIAL 
I .o 
0 - 1  
- - I  
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D - 9 1009 3- I 9 FIG. 37 
HEAT GENERATION IN FUEL WITHIN FUEL - INJECTION DUCT 
DUE TO THE NEUTRON FLUX PASSING THROUGH 
SLEEVE WALL 
SEE APPENDIX IlI 
HAFNIUM EMPLOYED AS SLEEVE WALL MATERIAL 
INSIDE RADIUS OF SLEEVE = 0.04 IN. = 0.1 CM 
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GENERATION RATE IN FUEL WITHIN FUEL- INJECTION 
DUE TO UNCOLLIDED NEUTRON FLUX FROM CAVITY 
SEE APPENDIX III 
FLUX PASSING THROUGH WALL OF SLEEVE NEGLECTED (SEE F I G . 3 7 )  
NEUTRON FLUX 
FROM CAVITY 
- -_- - -  --  
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FIG. 39 
AVERAGE HEAT GENERATION RATE OF FUEL 
WITHIN FUEL - INJECTION DUCT 
SEE APPENDIX m 
HAFNIUM EMPLOYED AS SLEEVE WALL MATERIAL 
CURVES OBTAINED FROM FIGS. 37 AND 38 
TO USE CURVE, = B Q, t fe = B 0,  $ 
I .o 
2.5 
THICKNESS OF SLEEVE WALL, Cro - r i  1 
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